Skeletal muscle wasting and impaired muscle function in response to mechanical ventilation and immobilization in intensive care unit (ICU) patients are clinically challenging partly due to 1) the poorly understood intricate cellular and molecular networks and 2) the unavailability of an animal model mimicking this condition. By employing a unique porcine model mimicking the conditions in the ICU with long-term mechanical ventilation and immobilization, we have analyzed the expression profile of skeletal muscle biopsies taken at three time points during a 5-day period. Among the differentially regulated transcripts, extracellular matrix, energy metabolism, sarcomeric and LIM protein mRNA levels were downregulated, while ubiquitin proteasome system, cathepsins, oxidative stress responsive genes and heat shock proteins (HSP) mRNAs were upregulated. Despite 5 days of immobilization and mechanical ventilation single muscle fiber cross-sectional areas as well as the maximum force generating capacity at the single muscle fiber level were preserved. It is proposed that HSP induction in skeletal muscle is an inherent, primary, but temporary protective mechanism against protein degradation. To our knowledge, this is the first study that isolates the effect of immobilization and mechanical ventilation in an ICU condition from various other cofactors. mechanical ventilation; immobilization; muscle function; gene expression; ubiquitin proteasome system; heat shock proteins; Lim proteins; intensive care unit SEVERE MUSCLE WASTING and impaired muscle function accompany critical illness in intensive care unit (ICU) patients with negative consequences for recovery from primary disease and weaning from the respirator. While ICU outcome has traditionally focused simply on survival, modern critical care also addresses post-ICU complications and quality of life. Several recent studies show unambiguously that neuromuscular dysfunction, resulting in muscle wasting and weakness, is the most persistent and debilitating of problems for survivors from the ICU for as long as 2 yr after hospital discharge, which is the longest observation period reported to date (18, 28). There is, accordingly, a significant need for more research focusing on mechanisms underlying the muscle wasting and weakness in ICU patients (36). Primary disease, sepsis, and multiorgan failure undoubtedly contribute to the impaired muscle function. Nevertheless, it is highly likely that muscle unloading, lack of voluntary muscle activation, and mechanical ventilation are directly involved in the progressive impairment of muscle function during long-term ICU treatment. Critically ill ICU patients are frequently exposed to immobilization and mechanical ventilation, but the contribution of these procedures to the muscle weakness observed in ICU is masked by other prominent cofactors described above. The effects of muscle unloading in combination with lack of voluntary activation and mechanical ventilation are therefore often neglected in the studies of muscle weakness in ICU patients, despite the fact that they may play a key role in the pathophysiology of the muscle wasting. Furthermore, the lack of an animal model mimicking the ICU conditions has hindered the deciphering of the multifaceted and complex underlying mechanisms. In this context it is critical to have an experimental ICU model mimicking the key elements such as absence of voluntary activation of skeletal muscle, muscle unloading, an intact motoneuron, sedation, and mechanical ventilation. This model differs from established muscle wasting models, such as peripheral denervation, cast immobilization, bed rest, or hindlimb suspension.
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Furthermore, the precise onset of the muscle weakness and/or protein degradation in ICU patients is unclear due to prior sedation and typically noticed when the weaning from mechanical ventilation is attempted; muscle weakness may accordingly go undetected several weeks after admission to the ICU. However, studies aimed at investigating the molecular events and functional and structural characteristics in the early stages of the ICU stay are very limited.
To address these issues, we have used a unique porcine ICU model (63) and evaluated muscle fiber size, force-generating capacity of individual muscle fibers, and gene expression in muscles from piglets immobilized, sedated, and mechanically ventilated for 5 days. By integrating physiological parameters with gene expression data and using a unique animal model, we aim to decipher the functional characteristics and molecular networks of skeletal muscle in early stages of the ICU condition.
MATERIALS AND METHODS

Animals and Tissue Collection
Sixteen female domestic piglets (Sus scrofa, average body wt 26.5 kg) were used in this study. All piglets originated from the same farm (Vallrums Lantbruk, Ransta, Sweden) and were kept in 12-squaremeter pens with hay, straw, and wood shavings as bedding material. They were housed at 18 -19°C and relative humidity of 45-55% under natural day-night rhythm with liberal access to feed (Smågrisfoder Solo 331; Lantmännen, Stockholm, Sweden), water, and environmental enrichment. Food, but not water, was withheld for 12 h before induction of anesthesia. The pigs were sedated (Zoletil, Domitor, Orion Pharma Animal Health) before an intravenous line was prepared, and 100 mg of ketamine (Ketaminol, Intervet) was administered. After tracheostomy anesthesia was maintained through the anesthetic conserving device, which permits administration of isoflurane to the breathing circuit via a syringe pump (72) .
All piglets were immobilized by anesthesia and mechanically ventilated (Servo 900C; Siemens-Elema, Solna, Sweden), and the first biopsies (day 1) from the m. biceps femoris were obtained from all animals after administration of anesthetics. During the 5-day study period, four animals were sedated with isoflurane inhalation (0.8 -1.3% end-tidal concentration; Abbott Laboratories, Chicago, IL) supplemented by intravenous bolus doses of morphine and ketamine as needed. Biopsies from the m. biceps femoris were obtained on two further separate occasions (days 3 and 5) in these animals.
Core body temperature (blood) was maintained in the range of 38.5-40°C by a servo-controlled heating pad. The animals received intravenous crystalloid fluid (Ringer's acetate) to maintain stable blood pressure and urinary output and a glucose infusion (25 mg glucose/ml Rehydrex; Fresenius Kabi, Stockholm, Sweden) in the range of 0.5-1.5 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 to decrease the effects of catabolism. Each animal received prophylactic streptomycin 750 mg/day and benzylpenicillin 600 mg/day (Streptocillin Vet; Boeringer-Ingelheim, Hellerup, Denmark). Arterial blood gas analysis as well as electrolytes and blood glucose levels were monitored regularly and kept in the normal range throughout the study period.
The biopsies were split in two portions. One part was frozen in liquid propane cooled by liquid nitrogen and stored at Ϫ80°C for extraction of RNA and protein. The other part was immediately placed in an ice-cold relaxing solution (in mmol/l: 100 KCl, 20 Imidazole, 7 MgCl 2, 2 EGTA, 4 ATP, pH 7.0; 4°C). Small bundles of ϳ25-50 fibers were dissected free from the muscle and tied to a glass micro capillary tube at ϳ110% resting length. The bundles were then placed in a skinning solution (relaxing solution containing glycerol; 50:50 vol/vol) at 4°C for 24 h and subsequently stored at Ϫ20°C for use within 3 wk or treated with a cryoprotectant (sucrose solution) for long-term storage at Ϫ80°C as described earlier (18) . The Ethical Committee at the Karolinska Institute approved all aspects of this study (Dnr N71/98, N54/02, and N75/04).
Single Muscle Fiber Experimental Procedure
On the day of an experiment, a fiber segment length of 1-2 mm was left exposed to the solution between connectors leading to a force transducer (model 400A, Aurora Scientific) and a lever arm system (model 308B, Aurora Scientific). The total compliance of the attachment system was carefully controlled and remained similar for all the single muscle fibers tested (6 Ϯ 0.5% of fiber length). The apparatus was mounted on the stage of an inverted microscope (model IX70, Olympus). While the fiber segments were in relaxing solution, we set sarcomere length to 2.65-2.75 m by adjusting the overall segment length. The sarcomere length was controlled during the experiments with a high-speed video analysis system (model 901A HVSL, Aurora Scientific). The fiber segment width, depth, and length between the connectors were measured (45) . Fiber cross-sectional area (CSA) was calculated from the diameter and depth, assuming an elliptical circumference, and was corrected for the 20% swelling that is known to occur during skinning (62) . The maximum force normalized to fiber CSA was measured in each muscle fiber segment (P 0/CSA) (45) .
After the mechanical measurements, each fiber was placed in urea buffer (120 g urea, 38 g thiourea, 70 ml H 2O, 25 g mixed bed resin, 2.89 g dithiothreitol, 1.51 g Trizma base, 7.5 g SDS, 0.004% bromphenol blue) in a plastic micro centrifuge tube and stored at Ϫ80°C. Myosin heavy chain isoform (MyHC) expression of single fibers was determined by 6% SDS-PAGE. The acrylamide concentration was 4% (wt/vol) in the stacking gel and 6% in the running gel, and the gel matrix included 30% glycerol. Sample loads were kept small (equivalent to ϳ0.05 mm of fiber segment) to improve the resolution of the MyHC bands (types I, IIa, and IIx). Electrophoresis was performed at 120 V for 24 h with a Tris-glycine electrode buffer (pH 8.3) at 15°C (SE 600 vertical slab gel unit, Hoefer Scientific Instruments). The gels were subsequently scanned in a soft laser densitometer (Molecular Dynamics) with a high spatial resolution (50 m pixel spacing) and 4,096 optical density levels.
Expression Profiling
Three micrograms of total RNA from the muscle samples were extracted and processed to generate biotin-labeled cRNA as previously described (16) . Each sample was then hybridized to Affymetrix Porcine Genome Array, which contains 23,937 probes representing 20,201 genes. Standard operating procedure and quality control were done as previously described (16) . Muscle samples from three groups (16 animals day 1, 4 animals day 3 and 5) were profiled. All profiles have been made publicly accessible via National Center for Biotechnology Information Gene Expression Omnibus (no GSE16348; http:// www.ncbi.nlm.nih.gov/geo/) and the Children's National Medical Center Public Expression Profiling Resource (http://pepr.cnmcresearch. org).
Microarray Data Normalization and Analysis
Subsequent analysis of the gene expression data was carried out in the freely available statistical computing language R (http://www. r-project.org) using packages available from the Bioconductor project (www.bioconductor.org). The raw data were normalized using the robust multiarray average (37) background-adjusted, normalized, and log-transformed summarized values first suggested by Li and Wong in 2001 (50) . To search for the differentially expressed genes between the samples from the different days, an empirical Bayes moderated t-test was applied (80), using the "limma" package. A linear model was fitted to the data, and the day 3 vs. day 1 effect, day 5 vs. day 1 effect, and day 5 vs. day 3 were estimated. To address the problem with multiple testing, the P values were adjusted according to Benjamini and Hochberg. Significant probe sets with an adjusted P value Ͻ0.05 were selected for further investigation, and those showing more than twofold change were included in further analyses. Since the porcine array is minimally annotated and is not identified by webbased analysis software, we used published putative human homologs (87) . Up-and downregulated transcripts were further analyzed and categorized using DAVID web-based functional annotation tool (http://david.abcc.ncifcrf.gov/) (35) . Some of the functional categories were combined and some categorization was done manually, to improve the interpretative value of the data. Clustering images were developed using Genesis software (83) .
Quantitative Real-time RT-PCR
Reverse transcription and quantitative PCR analysis was performed as previously described (63) . Briefly, total RNA (100 ng) was reverse transcribed to cDNA using Ready-To-Go You-Prime First Strand Beads (Amersham Biosciences, Uppsala, Sweden), random hexamers (Amersham Biosciences) and oligo-dT primers (Amersham Biosciences), or Qscript cDNA supermix (Quanta Biosciences). cDNA was amplified in triplicate using MyiQ single-color real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) and used to quantify the mRNA levels for porcine MyHC type I, IIb, and IIx, actin, atrogin-1, heat shock protein 110/105, and 18S. The thermal cycling conditions include 95°C for 9 min, followed by 50 cycles of amplification at 95°C for 15 min, followed by 60°C for 1 min. Each reaction was performed in a 25 l volume with 0.4 M of each primer and 0.2 M probe or SYBR green (1988123; Roche Diagnostics, Ulm, Germany). Taq man primers and probes were designed using Primer Express program (Applied Bio System, Foster City, CA). Porcine 18S gene was used as the internal control. Primer sequences for porcine MyHC isoforms, actin, and atrogin-1 are published elsewhere (63, 66 
Determination of Myosin and Actin Composition
Myofibrillar myosin and actin ratios were determined by 12% SDS-PAGE (45) . The separating gels were stained with Coomassie blue and subsequently scanned in a soft laser densitometer (Molecular Dynamics). Intensity volumes of myosin and actin were measured for each sample (ImageQuant TLv 2003, Amersham Biosciences). In addition, separate immunoblots were stained with specific antibodies targeting sarcomeric myosin and actin as described above.
Statistical Analysis
For the single muscle fiber size and function, Sigma Stat software (Jandel Scientific) was used to generate descriptive statistics. Given the small number of hybrid type I/IIa fibers observed in the single muscle fiber experiments, comparisons were restricted to type I, IIa, IIa/IIx, and IIx. A two-way ANOVA (day ϫ fiber type) was performed followed by the Tukey's test. Values are means and standard error of means (SE).
RESULTS
Single Muscle Fiber Size and Function (Day 5 vs. Day 1)
After permeabilization, biceps femoris muscle fibers were isolated from the bundles and mounted for analysis of CSA. Maximal force production at optimal sarcomere length for force production was measured at the single muscle fiber level and normalized to CSA, i.e., P 0 /CSA. The MyHC isoform expression in each muscle fiber was determined by sensitive SDS-PAGE, and a total of 28 type I, 20 type IIa, 9 type IIa/IIx, and 11 type IIx fibers were included in the analyses. No significant difference was observed in MyHC isoform expression between day 5 and day 1 (Fig. 1A) .
The CSA was maintained in fibers expressing type I, IIa, and IIa/IIx MyHC isoforms from piglets exposed to mechanical ventilation for 5 days (Fig. 1, B and C) . On day 1, the mean CSAs were 950 Ϯ 90 (type I, n ϭ 15), 1,250 Ϯ 100 (type IIa, n ϭ 10), 1,480 Ϯ 170 (type IIa/IIx, n ϭ 5), and 1,320 Ϯ 180 m 2 (type IIx, n ϭ 4). On day 5, the corresponding mean CSAs were 1,160 Ϯ 90 (type I, n ϭ 13), 990 Ϯ 100 (type IIa, n ϭ 10), 840 Ϯ 190 (type IIa/IIx, n ϭ 4), and 1,100 Ϯ 150 m 2 (type IIx, n ϭ 7). P 0 /CSA was also preserved in fibers expressing type I, IIa, and IIa/IIx MyHC isoforms from piglets exposed to mechanical ventilation for 5 days (Fig. 1D) (type IIx, n ϭ 7).
Gene Expression (Day 5 vs. Day 3 vs. Day 1)
Primary visualization of gene expression data distribution in each biopsy sample was acquired by an unsupervised hierarchical clustering method. Profiles of the biopsies taken at similar time points clustered together and showed a similar expression pattern. Differential expressions of each transcript (gene) in different profiles (each sample) and in different clusters (group/cluster of samples) are shown by the heat map (Fig. 2) . In the following, transcription and expression refer to mRNA expression and does not indicate protein localization unless stated otherwise.
Day 3 vs. Day 1
A total of 378 differentially expressed probe sets showed a twofold or greater change on day 3. Of these probes, 133 were upregulated and 245 were downregulated. The summary of major functional groups for upregulated genes is presented in Table 1 , and the summary of downregulated genes at day 3 is presented in Table 2 .
Upregulated transcripts day 3. A summary of genes listed and fold change is given in Table 1. PROTEIN CATABOLISM/PROTEIN METABOLISM. Upregulated transcripts of atrogin-1, a 26S proteasome subunit, ubiquitinbinding protein, and ubiquitylation factor E4a, a E4 u-box type ubiquitin ligase suggest that ubiquitin proteasome system (UPS) is active at the mRNA level, in the early phase of muscle unloading (12) . Upregulation of cathepsin D mRNA, a protease associated with the lysosome autophagy system, implies that more than one protein degradation mechanism is likely to be active at the transcriptional level (10) .
SERINE/THREONINE-PROTEIN KINASE. This functional group includes glycogen synthase kinase 3␤ (GSK-3␤), a negative regulator of muscle growth, protein kinase-C␣ (PKC-␣), and calcium-calmodulin-dependent protein kinase II beta. PKC-␣ has been recently implicated in initiating UPS-driven protein degradation (90) .
REGULATION OF TRANSCRIPTION. Signal transducer and activator of transcription 5B, histone deacetylase 4 (HDAC4); a class II HDAC involved in repressing myogenic enhancing factor 2 (MEF 2), and inhibitor of DNA binding 1 (ID1); a negative regulator of MyoD, were among this set of genes (9, 43) .
CELL CYCLE/CELL SURVIVAL. This group includes p21, Gadd 45␣, and Bcl-2, all of which are involved in cell cycle arrest and cell survival. Downregulated transcripts day 3. A summary of genes listed and fold change are given in Table 2. COLLAGEN/SIGNAL PEPTIDE GLYCOPROTEINS/EXTRACELLULAR MA-TRIX. Downregulated expression of extracellular matrix (ECM) proteins, mainly collagen isoforms, was a prominent feature in the early phase. mRNA of leucine-rich repeat-proteoglycans fibromodulin, asporin, keratocan, osteoglycin, lumican, all involved in assembly of ECM, and expression of ECM-glycoproteins were also downregulated. Microfibrillar associated protein 4 and 5 mRNA were downregulated more than fivefold. Transcripts of fibronectin and tenascin, two other proteins that modulate cell and ECM interactions, were also downregulated.
CALCIUM BINDING EF-HAND. Expression of troponin C, a key regulatory protein in the initiation and relaxation of muscle contraction, was downregulated. This is the only sarcomeric protein that showed differential expression at this early phase.
CHAPERONE DNAJ, COOH-TERMINAL/CHAPERONE/PROTEIN ME-TABOLISM. Expressions of several HSP 40 family members with unknown functions were downregulated in the early phase of immobilization and mechanical ventilation. Among these HSP 40 family members, DNAJB4, which is reported to be extensively localized in skeletal muscle involved in protein folding, was downregulated. MLF1, a highly expressed protein in skeletal muscle involved in suppressing intracellular protein aggregate formation in conjunction with chaperone MRJ (HSP 40), was also downregulated at the mRNA level (51) .
GLUCOSE METABOLISM. Three days of muscle unloading and mechanical ventilation resulted in decreased transcription of several genes involved in glucose metabolism, such as pyruvate kinase, enolase ␣, fructose 1-6 biphosphatase, 2.3 biphosphoglycerate mutase, and glycogen synthase.
TRANSCRIPTION AND TRANSCRIPTION REGULATION. mRNAs of peroxisome proliferative-activated receptor gamma, coactivator beta (PGC-1␤), a gene involved in mitochondrial biogenesis, was markedly downregulated (7.6-fold) (3), while actinbinding Rho-activating protein (STARS), implicated in stimulating SRF, was also downregulated (2) . Downregulated transcription of insulin-like growth factor I (IGF-I) is consistent with the well-documented role it plays in muscle remodeling and fits with our observation of increased expression of atrogin-1, i.e., the decreased suppression of atrogin-1 via IGF/PI3K/Akt pathway will lead to increased expression of UPS (13, 74) .
Day 5 vs. Day 1
A total of 1,479 differentially expressed probe sets showed twofold or larger change on day 5. Of these probes, 790 transcripts were upregulated and 689 transcripts were downregulated. Sev- enty-six transcripts were upregulated on both day 3 and 5. Of the 245 downregulated transcripts on day 3, 160 were downregulated on day 5. The approximate doubling of significantly altered transcripts on day 5 indicates a growing number of molecular networks involved in these physiological processes as the duration of the mechanical ventilation and muscle unloading increased.
Upregulated transcripts day 5. A summary of genes listed and fold change is given in Tables 3 and 4. PROTEIN METABOLISM/CHAPERONE/HSPS. The muscle-specific Skp1-cul1-fbox (SCF) E3 ligase MAFbx (atrogin-1) and Fbxo 33, another SCF E3 ligase, which specifically target Y box protein 1 (YB-1), showed increased transcription (54) . Other E3 ligases, CHFR, SUGT1, and Ubox protein RN 37 (UBOX5), showed a similar heightened expression. The upregulation of E4 enzyme associated with multiubiquitylation, UBE4A (UFD2), and E2 ubiquitin-conjugating enzymes UBE2L3 and UBE2J1, together with the majority of proteasome subunits, indicate that UPS is active at the mRNA level. Increased expression of cathepsins D, B, K, and Z suggests that autophagic lysosomal pathways are active at the mRNA level in parallel with UPS at this stage. FoxO3 regulates autophagic lysosomal pathways in vitro via induction of autophagy-related genes in skeletal muscle (55, 92) . HSPs showed increased expression, suggesting a key role for molecular chaperones and a severe cellular stress situation. Expression of several HSP 70 family members was upregulated, namely HSP 70-2 (8-fold), HSP 70-6, and HSP 70-4. Increased HSP 70 expression has recently been associated with antiapoptotic signaling in long-term cultured myotubes (25) . Members of the HSP 40 family, which enhance the chaperone activity of HSP 70, DNAJC16, and DNAJA1, were upregulated (58). mRNA of HSP 60, which assists in folding and assembly of proteins and protecting proteins under stress, was also upregulated (17, 56) . Within the HSP 90 family, HSP90AA1, HSP90AB1, and HSP90B1 (GRP94) show increased transcription around threefold or higher. HSP90AB1 is a cochaperone associated with myosin assembly (8) . Transcription of HSP 110/105, a primary HSP in mammalian cells that selectively recognize and protect denatured proteins, was upregulated more than eightfold (65) . Furthermore, HSP 70 cochaperone Bcl2-associated athanogene 3 (BAG3), which has recently been implicated in maintaining Z-disk integrity under stress, showed a twofold increased expression (32) . In addition, small heat shock proteins (sHSP) ␣B-crystalline (CRYAB) and HSPB8 (HSP22) were also upregulated. CRYAB and HSP 22 are molecular chaperones and show enhanced synthesis in response to stress (4, 79) .
RNA METABOLISM AND PROCESSING. EIF2C2 (argonaute2), exportin 5, and mir21 mRNA were upregulated. These molecules act in concert in an mRNA-silencing mechanism (68) . It was recently shown that miR21 could silence troponin mRNA (93) . 1EIF3S3, subunit of eukaryotic initiation factor 3, was upregulated 20-fold. Upregulation of many nucleolar genes involved in ribosome biogenesis and pre-mRNA processing indicates an active transcription machinery at this stage.
TRANSCRIPTION/REGULATION OF TRANSCRIPTION. PPAR-␤/␦, the predominant isoform present in muscle, which plays a major role in fatty acid catabolism and tissue remodeling in skeletal muscle, showed increased expression (76) . Surprisingly, mRNA of MyoD and MEF 2a was also upregulated twofold. Increased expression of ID1 and ID2 suggests that they may repress MyoD-mediated transcription by binding to E proteins, thereby delaying downstream expression (38) . Moreover, increased C-MYC expression may explain the enhanced HSP 70 expression, as C-MYC has been implicated in binding to the promoter region of HSP 70 and regulating its expression (85) . Heightened expression of Runx1 (5-fold), a protein directly associated with preventing atrophy and myofibrillar disorganization, suggests that compensatory mechanisms are likely to play a decisive role in this phase of the muscle immobilization (88) . CELL CYCLE REGULATION/PROTEIN KINASE/ATP BINDING. A massive upregulation was observed in Gadd45␣ and p21 mRNA, two proteins associated with survival signaling and cell cycle arrest. Increased expression of GSK-3␤ could lead to decreased protein synthesis by inhibiting translation, if protein localization follows a similar pattern (71) .
OXIDATIVE STRESS RESPONSE. Heightened expression of oxidative stress response genes, namely sulfiredoxin 1 (Ͼ30-fold), thioredoxin system, and SOD2, suggests that oxidative stress may be a major effect in skeletal muscle immobilization.
SMALL G PROTEIN/GTPASE RELATED. Members of the small GTP binding protein superfamily are known to regulate a spectrum of cellular responses, ranging from reorganizing actin cytoskeleton to gene expression. In this study, nearly 20 transcripts related to small G proteins were upregulated. These include GEFs (guanine nucleotide exchange factors), which are responsible for activating small G proteins, as well as GAPs (GTPase-activating proteins), which are involved in inactivating G protein activity.
Downregulated transcripts day 5. Summary of gene list and fold change are given in Tables 5 and 6. HYDROGEN ION TRANSPORTER/OXIDATIVE PHOSPHORYLATION.
Components of the mitochondrial electron transport chain and several genes belonging to complexes of the electron transport chain showed decreased mRNA expression. Namely, ubiquinol-cytochrome c reductase core protein 1 (complex III), Succinate dehydrogenase complex, subunit C, integral membrane protein (complex II), cytochrome C-1 (complex II), cytochrome c oxidase subunit VA (complex IV), ubiquinol cytochrome c reductase, subunit VII (complex III), 16 subunits of NADH dehydrogenase (complex I), and ATPase synthase subunits (complex V) were downregulated. Provided that the protein localization shows a similar trend as transcription, the cellular energy pathways would be severely affected in this phase of the immobilization. The decreased transcription of adenylate kinase and pyruvate kinase further suggest that 5 days of immobilization and mechanical ventilation may lead to an energy crisis in skeletal muscle.
CARBOHYDRATE METABOLISM. Continued downregulation of gene transcripts involved in glycolysis and gluconeogenesis, namely phosphofrucktokinase, biphosphoglycerate mutase, fructose 1-6 biphosphatase, and triosephosphate isomerase, suggests that the energy pathways may be further affected. Decreased mRNA expression of PGC-1␤ (11-fold) and PGC-1␣, the two gene products involved in mitochondrial biogenesis and mitochondrial energy metabolism, strengthens the notion of energy crisis in skeletal muscle at 5 days of immobilization (3, 81, 89) . HEME BINDING PROTEINS. Hemoglobin-␣, hemoglobin-␤, and myoglobin mRNA were downregulated, which could result in a possible hypoxic condition at 5 days of immobilization, at the protein level. 
COLLAGEN. The number of downregulated collagen transcripts continued to increase after 5 days of immobilization, suggesting that ECM is further affected by decreased synthesis.
SARCOMERIC PROTEINS. The reduced expression of the regulatory thin filament proteins, troponin T1, troponin I3, troponin I1, troponin C1; the subunits of troponin complex, together with tropomyosin-␤ and tropomyosin-␣ suggests that the synthesis of Ca 2ϩ -dependent contractile machinery is decreased in this phase of immobilization. Expression of ␣-actinin, a constituent of z-line was downregulated fivefold. Significant downregulation was also observed in the expression of thick filament proteins such as in the M-band associated myomesin 1 and myomesin 2, MyHC 8 (skeletal, perinatal), MyHC 7 (beta cardiac or type I), MyHC 1 (type IIx/IId), and the myosin-associated myosin binding protein C (MyBP-C, slow type). The giant sarcomeric proteins titin and nebulin were also expressed protein in skeletal muscle and shown to be colocalized with ␣-actinin in rat myocardium, showed a decreased expression. FHL3 mRNA was downregulated at a similar scale. LIM and cysteine rich domain 1 (LIMCD1/dyxin) showed a more than eightfold decreased transcription. Expression of cysteine and glycine-rich protein 3 (CSRP3), also known as MLP, was downregulated 16-fold, while expression of LIM domain binding 3 (LDB3/ Cypher), a protein associated with maintenance of Z-line integrity during contraction, was also downregulated drastically. Nebulin related anchoring protein (NRAP), a protein implicated in the assembly of myofibrils, also showed decreased expression (20) .
BIOPOLYMER MODIFICATION/KINASE ACTIVITY. Integrin beta binding protein 3 showed an almost sevenfold decreased transcription. Calcium/calmodulin-dependent kinase-␣ (CamKII-␣) mRNA was downregulated. SRF and CREB are reported to be substrates of CamKII in skeletal muscle. Mitogen-activated protein kinase kinase 6 (MAP2K6), an upstream activator of p38MAPK and MAPK12 (p38 ␥), showed decreased expression. Activin receptor II b (ActR-IIb), which is associated with myostatin binding, also showed decreased transcription (70) . SARCOLEMMAL AND SARCOPLASMIC PROTEINS. Many members of the dystrophin glycoprotein complex (DGC) were downregulated at the mRNA level, namely dystrophin, syntrophin-␤, dystrobrevin-␣, dystroglycan-␣, sarcoglycan-␥, sarcoglycan-␦, and sarcospan. Expression of sarcoplasmic/endoplasmic reticulum Ca 2ϩ ATPase 1 (SERCA 1) and SERCA 2 was downregulated more than threefold.
SMALL G PROTEINS/G PROTEIN RELATED. Several small G protein-related transcripts belong to RAP and RAB subfamilies, G protein-activating GEFs were downregulated together with decreased expression of RGS3, a G protein-inhibiting (GTPase activating protein; GAP) protein, and G protein-coupled receptor GPR133.
Upregulated transcripts day 5 vs. day 3. A summary of the gene list and fold change is given in Table 7 . HSP transcripts and related chaperone expression were significantly upregulated on day 5 when compared with day 3. The oxidative stress response transcripts also showed the same trend. Furthermore, Cathepsin mRNA and transcripts of the proteasome subunits showed increased expression compared with day 3.
Downregulated transcripts day 5 vs. day 3.
A summary of the gene list and fold change is given in Table 8 .
Sarcomeric protein mRNA were downregulated including two myosin isoforms, titin, MyBP-C, and MuRF 2. LIM protein transcription showed a similar downregulation.
VALIDATION OF MICROARRAY DATA. According to real-time RT-PCR analyses, type I (Ϫ6-fold, P Ͻ 0.038) and IIx (Ϫ8-fold, P Ͻ 0.001) MyHCs were significantly downregulated, while atrogin-1 (3.2-fold, P Ͻ 0.047) and HSP 110/105 (6-fold, P Ͻ 0.029) were significantly upregulated after 5 days of muscle unloading and mechanical ventilation (Fig. 3) . Actin expression did not change significantly. Immunoblotting for HSP 70, ␣B-crystallin, and HSP 90 showed a trend toward increased protein levels on day 5, but HSP 110 protein was unchanged on day 5 (Fig. 4) . The myosin-actin ratio calculated from 12% SDS-PAGE showed similar ratios on day 1 (2.12 Ϯ 0.04, mean Ϯ SE) vs. day 5 (2.04 Ϯ 0.04). Similar results were obtained by targeting myosin and actin by specific antibodies (Fig. 4) for day 1 (3.97 Ϯ 0.371, mean Ϯ SE) and day 5 (2.95 Ϯ 0.357). The lack of an altered myosin-actin protein ratio despite a significant downregulation of myosin at the transcriptional level is not surprising due to the slow turnover rate of myosin, i.e., half-life of myosin has been reported to vary between 14 and 30 days (64, 75) .
DISCUSSION
The aim of this study was to analyze muscle fiber size and function together with the gene expression pattern of skeletal muscle using a porcine ICU model, i.e., 5 days exposure to muscle unloading and mechanical ventilation. In a pilot study, we have previously shown that muscle fiber CSA is not affected by 5 days of mechanical ventilation and muscle unloading according to morphological analyses of enzymehistochemically stained cryo-sections (63) . Due to the uncer- Continued tainty in muscle fiber CSA measurements in frozen muscle biopsies and the variations in sarcomere lengths between muscle samples (46, 47) , measurements were done in single muscle fibers at a fixed sarcomere length in a larger group of animals on day 1 and day 5. The previous observation of a maintained muscle fiber size was confirmed and extended with regard to the maintained force-generation capacity at the single muscle fiber level on day 5 compared with control samples on day 1. These observations suggest that the size of the immobilized muscle is not affected by the observed changes in gene expression; alternatively a primary protein protection mechanism is activated in the early phase, counteracting the adverse effects of immobilization.
At the early phase of immobilization on day 3, two different proteolytic mechanisms were initiated, namely the ubiquitinproteasome pathway and the autophagic lysosomal system, indicated by the upregulation of atrogin-1 mRNA and cathepsin D mRNA, respectively. Furthermore, the increased expres- sion of GSK-3␤ suggests that basal protein turnover may be affected not only by an enhanced degradation but also by a reduction in protein synthesis (13) . Upregulation of Gadd45-␣, p21, and Bcl 2 expression suggests that cell cycle arrest is a likely possibility preventing apoptosis and maintaining cell survival signals at this early stage. Gadd45-␤ and p21 expression has been shown to increase in acute quadriplegic myopathy (AQM) patients with severe atrophy, muscle weakness, and apoptotic features, representing later stages of the disease (21) . HDAC4 is a transcriptional repressor of muscle-specific MEF 2 (61). Increased expression of HDAC4 indicates that muscle specific gene repression is initiated at this stage. This hypothesis is further strengthened by the increased transcription of ID1 protein, since ID1, by binding to E proteins inhibit MyoD-mediated transcription (38) . Downregulation of IGF-I mRNA is consistent with the increased atrogin-1 expression, which is associated with myotube atrophy when the IGF-I/ PI3K/Akt protein synthesis pathway was inhibited (13) . Downregulation of EGF mRNA may also play a role in the decreased protein synthesis, since EGF has been shown to mimic IGF-I acting via PI3K/Akt. Moreover EGF induces a stronger MAP kinase phosphorylation than IGF-I (26). PGC1-␤ is a major regulator of mitochondrial biogenesis and energy metabolism in skeletal muscle (3, 81) , and the decreased expression of PGC1-␤ might be the initiating signal for the disrupted energy metabolism we observed on day 5. A wide range of collagen isoforms and other constituents of ECM were downregulated at the mRNA level, while only one myofibrillar protein was downregulated on day 3, i.e., troponin C (slow) mRNA, suggesting that decreased biosynthesis of collagen and ECM constituents is a primary characteristic of skeletal muscle immobilization. Intramuscular connective tissue accounts for 10% of skeletal muscle, and it is involved in passive elastic support and force transmission and provides mechanical support for vessels (40) . In addition, ECM and integrins also play an important role as mechanosensors, influencing protein synthesis and degradation in skeletal muscle (40) .
Regulation of Sarcomeric Protein Synthesis and Degradation
On day 5, it is evident that not only the expression of ECM proteins but also the majority of the components of sarcomere and DGC gene expression are downregulated. The subsarcolemmal DGC proteins are not only a structural component in skeletal muscle but are also included in a sarcolemmal signaling network and are disrupted in several myopathies (23) . The mRNA of thick filament proteins such as type I and IIx/IId MyHC isoforms, as well as thin filament proteins, seems to be coordinately downregulated, which suggests that reduction in total muscle protein turnover is partly achieved by decreased expression of the majority of sarcomeric and many ECM proteins. ECM proteins play a vital role in providing mechanical support for nerves and vessels and, most importantly, lateral transmission of force between fibers and fascicles (40) . The preferential loss of thick filament proteins, e.g., myosin, in critically ill ICU patients with AQM is well documented (44) . Downregulation of myosin gene expression is also reported in other muscle remodeling conditions, which may indicate that myosin is preferably decreased at the mRNA and protein levels (1, 5) . However, results from our unique immobilization model, which is different from traditional bed rest, hindlimb unloading, and disuse models, suggest that not only myosin but also the majority of other sarcomeric proteins are coordinately downregulated before fiber atrophy and loss in force generation occur. Codownregulation of MEF 2c mRNA, a muscle transcription factor that is associated with myogenic differentiation, may explain the selective transcriptional downregulation of thick filament proteins observed on day 5. Morpholino knockdowns show downregulation of thick filament mRNA and proteins as well as disrupted sarcomere assembly (30) . MEF 2c mutant mice show sarcomere disorganization, mainly in M-band regions. Furthermore, myomesin 1 and myomesin 2 appear to be direct targets of MEF 2c (69) . The results suggest that 5 days of sedation, muscle unloading, and mechanical ventilation initiate a program at the gene level for myofibrillar disassembly by reduced synthesis of sarcomeric, DGC, and ECM proteins in a highly regulated manner. The constituent members of the two transverse centers of sarcomere organization, Z-line and M-band, seem to be targeted by this disassembly process. Titin and Murf2 are two proteins located at the M-band, involved in mechano-transduction-dependent transcriptional regulation in skeletal muscle (42) . It has been proposed that the LIM domain-containing proteins, which localize in close proximity to the Z-disk, function as mechano/stress/stretch sensors (11, 33) . MARP family ANKRD2 and DARP are also implicated in mechanostretch sensing (7, 41, 60) . ANKRD2 is specifically shown to interact with Telethonin, a Z-disk protein, and also shown to enhance p53-mediated p21 expression (41) . Thus, immobilization may result in loss of tensile/mechano sensors in the porcine model as an adaptive or feedback mechanism that in turn may play a critical role in initiating myofibril disassembly (Tables 5, 6 ).
However, the maintained muscle fiber size and force generation capacity observed at this stage and, preceding the concomitant severe atrophy, loss of force and force-generating capacity (loss of force normalized to CSA) suggest that the dramatic changes at the gene level had no or only minor effects at the protein level. This is in part due to the fact that several of the affected proteins have half-lives that are significantly longer than 5 days (64, 75) , but also to other mechanisms discussed below that may protect proteins from degradation.
Increased transcription of atrogin-1, along with proteasome subunits and E2 ligases, demonstrates that UPS is activated early in the muscle unloading. Furthermore, parallel increased transcription of cathepsins B, D, K, and Z suggests that the autophagic lysosomal pathway is also activated in response to immobilization. It was recently shown that, in culture, the autophagic lysosomal pathway is the main contributor of proteolysis of myotubes (92) . However, despite the increased transcription of the two major proteolytic systems in skeletal muscle, we did not observe any change in fiber CSA or force generation.
HSPs Surprisingly, a large number of heat shock and related protein-mRNAs were upregulated, demonstrating a high molecular chaperone activity. In contrast, HSP downregulation has been described in gene expression studies of disuse atrophy (82) , atrophy due to denervation, and atrophying nonmammalian muscle (73) . Specifically, HSP 70 and other HSPs are mainly stress induced and involved in protein folding, refolding, and assembly (52, 53) . Titin M-band-deficient mice show ␣B-crystallin and HSP 27 as well as proteasome upregulation (67) . These two proteins were reported to be accumulated as insoluble complexes in disused rat soleus muscle, suggesting its chaperone activity in maintaining quality control of proteins (39) . MEF 2 knockout zebrafish embryos with defects in sarcomere assembly also show upregulation of HSP 90, a cochaperone involved in myosin folding (8, 30) . Recent publications suggest that HSP 90 act as a cochaperone with myosin chaperone UNC-45, regulating assembly of thick filaments (24) .
The protective role of HSPs against immobilization-induced muscle atrophy has been reported in numerous studies, and heating reverses immobilization-induced atrophy by induction of HSP 27 and HSP 70 protein (77) . The downregulation of HSP 70 and HSP 25 proteins in response to prolonged hindlimb unloading (28 days) results in a 55% reduction in rat soleus muscle weight (48) , although HSP 25 protein was reported to increase in response to short-term unloading (39) . Furthermore, HSP 70 protein overexpression protects against immobilization-induced muscle fiber atrophy (78) . In aged rats, endogenous HSP 70 protein is decreased compared with young rats, and a further reduction in HSP 70 protein level along with muscle atrophy is observed in immobilized old rats. However, overexpression of the HSP 70 protein in immobilized old-aged rats protected muscle cells from under going atrophy (22) . The massive induction of a battery of HSP mRNAs in this study may accordingly be secondary to the young age of the piglets in this study. This is consistent with the lower incidence of muscle weakness in critically ill children in the ICU than in adult patients (6) . Preliminary unpublished observations from our group in piglets exposed to corticosteroids, neuromuscular blocking agents, sepsis, immobilization, and mechanical ventilation showed a maintained muscle fiber size and dramatic decrease in force generation capacity at the end of the 5-day period. These piglets did not, on the other hand, show an upregulation of HSPs or related chaperones.
Based on previous reports and our unpublished observations taken together, we speculate that the induction of HSPs in the immobilized porcine model acts as a protective mechanism for preventing myofibrillar protein degradation during the first 5 days of muscle unloading.
Small G Proteins and Actin Cytoskeleton
More than 20 small G proteins and related proteins (GEFs and GAPs) were significantly up-and downregulated at the mRNA level in this study. Small G proteins regulate multiple cellular functions by exerting multiple responses and mutual cross talk with other G protein cascades (57) . A subfamily of small G proteins, Rho GTPases, plays a critical role in myofibrillogenesis (15, 34) . It is speculated that Obscurin, a giant protein in the sarcomere with a Rho-GEF domain, may play a role in the remodeling of actin cytoskeleton during myofibrillogenesis (91) and is demonstrated to regulate titin assembly at the Z-disk (14) . Furthermore, it has been shown that member proteins of DGC are codownregulated with H-Ras, Rac1, and Cdc42 expression and activity (19) , and Ras-Raf-MAPK pathway has been reported to be involved in muscle protein degradation in a nonvertebrate model (84) . How small G proteins act in concert in response to and/or initiating myofibrillar-protective mechanism is yet to be elucidated. However, the majority of small G proteins are implicated in actin cytoskeleton remodeling. It may be that small G proteins in their collective action are responsible for maintaining and preserving actin thin filament cytoskeleton, while the thick filaments are sacrificed first when proteolysis occur in immobilized muscle.
Single Muscle Fiber Structure and Function Analyses
The skinned muscle fiber preparation allows investigation of the function of myofilament proteins in a cell with an intact filament lattice, but without the confounding effects related to intercellular connective tissue or protein heterogeneity between cells of multicellular preparations (31) . Other parameters of importance for in vivo muscle function, which may be affected by long-term ICU treatment, are not assessable for study using the skinned fiber preparation, such as excitation-contraction coupling, muscle metabolism, energy stores, and motor recruitment pattern. The lack of muscle atrophy during the first 5 days in this study is in accordance with a previous pilot study (63) . In the pilot study, a maintained muscle fiber size, according to morphometrical measurements on enzyme-histochemically stained muscle cross-sections, was observed in a piglet exposed to an endotoxin-induced sepsis, systemic corticosteroid hormone treatment, postsynaptic block of neuromuscular transmission, and mechanical ventilation for 5 days. Preliminary results from time-resolved analyses of muscle size and regulation of muscle contraction in 48 mechanically ventilated and pharmacologically paralyzed rats at durations varying from 6 h to 3 wk show a maintained muscle weight in five distal hindlimb muscles during the first 4 days and followed by an almost linear decrease resulting in a 50% loss in muscle mass and body weight after 3 wk paralysis and mechanical ventilation (J. Ochala, A.-M. Gustafson, M. Llano Diez, G. Renaud, M. Li, S. Aare, R. Qaisar, V. Banduseela, Y. Hedström, X. Tang, B. Dworkin, and L. Larsson; unpublished observations). During this period, specific force declined by almost 90%, indicating a dramatic and preferential loss of contractile proteins. This is in accordance with our previous observations in critically ill ICU patients (44) .
Conclusion
In this study we have analyzed the expression profile in response to immobilization and mechanical ventilation over a 5-day period in a unique porcine ICU model (63) . We have observed a general downregulation in the transcripts of sarcomeric proteins, LIM proteins, ECM constituents, and transcripts of molecules involved in energy metabolism, while expression of genes involved in the UPS system, including This diagram illustrates the hypothesis that despite increased ubiquitin-proteasome system and lysosome autophagy pathway, upregulation of HSPs protects myofibrils from undergoing protein degradation. Main molecular events depicted here derived from the expression profiling and single fiber force measurement are as follows. A: sarcomeric and sarcolemmal protein synthesis is downregulated. B: mitochondrial dysfunction by decreased expression of mitochondria and related genes. C: oxidative stress is indicated by the oxidative stress responsive genes, which may be a direct effect of mitochondrial dysfunction. D: upregulation of E2, E3 ligases, proteasome components, and cathepsins. E: upregulation of HSPs and molecular chaperones leading to protection from protein degradation and normal force generation. muscle-specific E3 ligase atrogin, transcripts of cathepsins, and transcripts of HSPs, was upregulated. However, we have observed no decrease in fiber CSA or force generation, suggesting that the expected atrophic changes have been countered by a protective mechanism. Hibernating wild black bears are able to conserve muscle strength and show no loss of fiber size or number (27, 86) . Data from captive brown bears have also confirmed the sustained muscle strength in hibernation, but no specific molecular pathway was implicated in either study (29) .
Recently it has been shown that despite prolonged dormancy, hibernating bat muscles exhibit an elevation of HSPs without any atrophic changes. Induction of HSPs in response to periodic arousals, which is common to all hibernators, may in turn result in protection of myofibrillar proteins (49) . Furthermore, HSP 70 overexpression attenuates immobilization-induced muscle atrophy in rats (78) . Moreover, unpublished preliminary results from our group have shown a maintained muscle fiber size and a 40% reduction in force generation capacity in the absence of HSP upregulation in response to 5 days exposure to postsynaptic block of neuromuscular transmission, systemic treatment with corticosteroids, and sepsis, in addition to immobilization (anesthesia) and mechanical ventilation in young piglets. Taking these results together, we speculate that induction of HSPs may play an inherent temporary protective mechanism in skeletal muscle in the early stages of immobilization and mechanical ventilation. Further studies on the effects of various triggering factors common in the ICU condition, such as systemic corticosteroid hormone treatment and sepsis, together with immobilization and mechanical ventilation, on muscle morphology, regulation of muscle contraction, and chaperone mRNA and protein expression, may elucidate the exact role of HSPs in skeletal muscle at early stages of ICU conditions. The proposed molecular events leading to our final hypothesis are illustrated in Fig. 5 .
